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ABSTRACT: Pore structure can affect the reservoir property, petrophysics, and fluid Micropore:
migration/adsorption, which is critical for shale evaluation and development. In this paper,

the pore structure, fractal characteristics, and their influencing factors on low-resistivity shale

(LRS) from the Longmaxi Formation in the Southern Sichuan Basin were analyzed by /

combining geochemistry experiments, physical property analysis, X-ray diffraction, scanning

electron microscopy (SEM), N,/CO, gas adsorption experiments, and nuclear magnetic

resonance (NMR). The results indicate that in LRS, the layered clay mineral/pyrite distribution o506 24 lo-somn &
and more developed pores with a larger size and better connectivity can build a complex and i : B
superior conductive network. In gas adsorption tests, the pore volume (PV) is primarily
contributed by mesopores in sizes of 2—4, 10—30, and 40—S50 nm; the specific surface area
(SSA) is mainly controlled by mesopores of 2—4 nm and micropores of 0.5—0.7 nm. The pore
structures characterized by NMR, gas adsorption experiments, and SEM are consistent. In
addition, gas adsorption is more suitable than NMR for describing the fractal dimension, where
the development of micropores enhances the heterogeneity and complexity of the pore surface
and pore structure. The gas-producing LRS has larger D1 and D2 than water-producing LRS. Moreover, TOC contributes to the
development of micropores to some degree. Quartz and illite are negatively correlated with the PV and SSA of mesopores and total
pores, while pyrite, clay mineral, and illite/smectite (I/S) are converse with a positive relationship. There exists only one negative
relationship between chlorite and D2, and chlorite is weakly positively correlated with the large pore volume and negatively
correlated with the micropore SSA.

1. INTRODUCTION surface area, is of great significance to be investigated in shale
reservoirs, which dominate the gas storage and flow capacity.’

The pore diameter plays a crucial role in classifying shale
pores. The classification system proposed by the International
Union of Pure and Applied Chemistry (IUPAC) is commonly
accepted, which divides shale pores into three types:
micropores (<2 nm), mesopores (2—50 nm), and macropores
(>50 nm).6 To investigate the pore structure features, various

The successful exploitation of shale gas resources in the United
States has garnered global attention as a means to address the
rising energy demands. China, in particular, has estimated shale
gas reserves of approximately 26 X 10 '* m?, almost similar to
those of the United States."” Recent advancements in
exploration and development, particularly in (ultra) deep
formations, have revealed a peculiar low resistivity trend in the
logging curves of several shale gas intervals in the Wufeng-
Longmaxi Formation of the Southern Sichuan Basin. This
abnormal phenomenon where high-quality shale gas reservoirs
with a high organic matter content and ample gas abundance
do not possess high resistivity will seriously affect the
evaluation of water saturation and gas content. Investigating

advanced techniques are employed, including scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), focused ion beam or field emission-SEM (FIB or FE-
SEM), nuclear magnetic resonance (NMR), and small-angle or
ultrasmall-angle neutron scattering (SANS or USANS). Some

these low-resistivity shale formations, which demonstrate Received: July 3, 2024 O
excellent gas production potential, has become a pressing Revised: ~ September 21, 2024
research focus. Furthermore, shale gas primarily consists of Accepted:  September 26, 2024
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adsorbed gas on clay or organic matter surfaces and free gas
within pore spaces.”* Therefore, the pore structure, described
via parameters such as pore types, pore size, pore volume, and
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Figure 1. Regional geological overview and target well location distribution in the Southern Sichuan Basin.

common techniques via fluid intrusion are mercury injection
capillary pressure (MICP) and low-temperature N,/CO,
adsorption isotherms (LTNA/LTCA).””” In general, multiple
techniques are combined to characterize the shale pore systems
due to their limitations.”'® In the previous studies, Wang et
al.'! found that the combination of LTNA and LTCA is the
most suitable technique to describe the characteristics of shale
pores. Additionally, Xue et al.'* and Zhang et al."” explored the
relationship between rock resistivity and pore structure
characteristics in the Longmaxi Formation, Southern Sichuan
Basin, observing that gas-producing LRS has a lower pore
volume and specific surface area. They also proposed that the
OM pores decrease significantly with the increased size of the
micropores due to graphitization. Adio et al.'* believed that
the pore structure, rather than maturity, is the primary factor
affecting the low resistivity of this abnormal shale.

The pore structure of shale rocks displays a high degree of
complexity at multiple scales, ranging from nano- to macro-
pores, which significantly impact their petrophysical properties
and hydrocarbon production potential.®> Fractal analysis,
gained from SEM images, gas adsorption experiments,
MICP, and NMR data, can quantitatively depict the complex
and heterogeneous nature of pore structure.'”"" Generally,
the fractal dimension (D) ranges between 2 and 3, with a
higher value indicating greater irregularity and heterogeneity.
Previous studies mainly focused on the pore system of normal
organic-rich shale with high resistivity. However, there is a
paucity of literature deeply related to the pore structure and
fractal characteristics of LRS in Southern Sichuan. Hence, it is
necessary to complement this part to support further
exploration and evaluation of these abnormal shale gas
reservoirs.

In this study, we collected shale samples of water-producing
LRS and abnormal gas-producing LRS from the Longmaxi
Formation of the Southern Sichuan Basin. The characteristics
of the fractal dimension and pore structure, including pore
types, pore size distribution, and pore structure parameters,

were comprehensively studied via SEM, LTNA, LTCA, and
NMR experiments. Additionally, based on geochemistry and
mineralogical composition, the factors affecting the fractal
dimension and pore structure were discussed.

2. MATERIALS AND METHODS

2.1. Geological Setting and Samples. The Southern
Sichuan region lies on the Southwest margin of the Upper
Yangtze Platform, which is surrounded by the Daliang
mountain, Huaying fault, north Qianbei depression, and
Longnvsi paleouplift. The study area has undergone a series
of faulting events, tectonic uplift, and structural transformation,
resulting in a low and steep structural belt.”” This belt is stable
with a large area and commonly develops deep to ultradeep
shales. In addition, the Southern Sichuan Basin mainly
develops deep-water shelf sediment and deposits black
carbonaceous shales with abundant graptolite fossils and
pyrite.”"”* In this study, 13 core samples exhibiting low
resistivity were collected from the Longmaxi Formation. These
include five samples (N1, N2, N3, N4, and NS) from well
N222, three samples (Y1, Y8, and Y9) from well Y101, four
samples (LD6, LD7, LD8, and LD9) from well L211, and one
sample (YB7) from well Y203. Based on their electrical logging
response and the corresponding gas production property, these
wells are categorized into normal water-producing wells with
low resistivity (N222) and abnormal gas-producing wells with
low resistivity (Y203, Y101, and L211). Among them, the
abnormal gas-producing wells comprehensively cover three
situations of low (Y203), medium (Y101), and high (L211)
gas production (Figure 1).

2.2. Experimental Methods. The LECO-230 carbon—
sulfur analyzer was implemented to quantify the TOC content
and Ro. To prepare the experiment, all samples were ground
into a powder in a size of less than 100 mesh. Then, about 2 g
of powder was treated with 10% hydrochloric acid and dried
under 80 °C before analyzing.
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Figure 2. (a) TOC vs Ro. (b) Mineral composition, (c) clay minerals, and (d) lithofacies classification of LRS samples in the Longmaxi Formation

of the Southern Sichuan Basin

X-ray diffraction was performed to quantify the mineralogy
of specimens in accordance with the Chinese Oil and Gas
Industry Standard (SY/T) 5163-2018. The testing environ-
ment was controlled under a temperature of 25 °C and a
humidity of 30%. Specifically, rock chips were first crushed in
an agate mortar and pulverized into a size of not more than
200 mesh. The powder was then packed into a measuring cell
and analyzed by an X'Pert powder diffractometer with a Cu Ko
radioactive source at a scanning angle of 25°. Finally, the
semiquantitative abundance of mineral phases was determined
by relevant diffractograms. The maximal intensity peaks were
analyzed to identify the mineral composition.

The SEM method was employed to visually identify pore
types and morphology. In this paper, a Helios 650 scanning
electron microscope, with a resolution of 1 nm, was conducted
for imaging. The samples were cut into 1 cm® pieces and
polished to obtain a pristine 2D surface free of impurities.
Then, we coated the sample surfaces with gold and employed a
conductive adhesive to fix the samples on the loading stage for
examining. From the obtained electron microscopy images, the
morphological characteristics were carefully observed.

Gas adsorption experiments were conducted using a
Micromeritics ASAP2460 automatic specific surface area and
pore size analyzer. To prepare the test samples, sufficient rock
chips were crushed into a 60—80 mesh for screening and dried
in a dry oven for 24 h to remove excess water from the pores.

43708

The sample powder was then degassed in a vacuum chamber at
110 °C to ensure optimal results without damaging the
physicochemical structure. The powder was randomly divided
for N, and CO, adsorption. Specifically, the N, adsorption was
performed at —196 °C (77.3K), and the Barrett—Joyner—
Halenda (BJH) and Brunauer—Emmett—Teller (BET) meth-
ods were applied to calculate the pore volume and specific
surface area, respectively. The CO, adsorption followed similar
procedures and principles, except for the experimental
temperature of 0 °C (273.15 K) and a relative pressure
range of 0.0001—0.032. The density functional theory (DFT)
was more suitable to obtain the pore volume of micropores.

In this study, a MesoMR23-060H-1 NMR analyzer was also
utilized to determine the pore structure system of target cores.
First, the shale samples were dried in an oven at 105 °C until
no further mass loss was observed, measuring the base signal.
Then, the samples were vacuumed for 24 h and saturated with
distilled water under a pressure of 30 MPa. The hydrogen
signal of shale in the saturated state was measured, and its T,
spectrum was obtained after subtracting the base signal
through inversion.

3. FRACTAL THEORY

The significant variation in shale pore sizes, ranging from
nanoscale pores to microfractures, has led to the widespread
use of the multifractal theory for characterizing their pore

https://doi.org/10.1021/acsomega.4c05993
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Figure 3. Scanning electron microscopy of OM in low-resistivity shale of the Longmaxi Formation in Southern Sichuan. (a) Complexes composed
of OM, clay minerals, and pyrite; (b,c) OM distributed in strips and irregular blocks; (d—f) OM pores within complexes or on edges in the shape of

narrow slits or ellipses.

structure. The fractal dimension (D) serves as an effective
metric for quantifying the complexity and heterogeneity of
pore systems.”””* Generally, the fractal dimension is in the
range of 2—3, and approaching 2 reflects the regularity of the
pore structure and complete smoothness of the pore surface."'
In this paper, N, adsorption and the NMR method were
utilized to calculate the fractal dimension.

3.1. Fractal Dimensions from LTNA. There are many
mathematical models to determine the fractal dimension of
porous materials based on gas adsorption isotherms, such as
the BET model, Langmuir model, Frenkel—Halsey—Hill
(FHH) model, and thermodynamic method.”>>* Among
them, the FHH model is proven to be the most effective and
prevailing method, whose theoretical basis is the multi-
molecular-layer adsorption theory.”' ** The FHH formula is
as follows:

InV = Kln(In(B)/P)) + C (1)

where P, is the saturation pressure, MPa; P represents the
equilibrium pressure, MPa; V refers to the adsorbed N, volume
at the equilibrium pressure, cm’/ g; C is the constant. When
shale exhibits fractal characteristics, In V and In(In(P,/P)) are
linearly correlated and the fractal dimension can be derived
from the slope via regression analysis. There are two different
formulas to calculate the fractal dimension:

D=K+3 ()
or

D=3K+3 (3)

where eq 2 is applicable to the capillary condensation state
formed at the beginning of the hysteresis loop and eq 3 takes
effect under van der Waals force.” It has been found that the
fractal dimension calculated with D =3K + 3 is usually below 2,
which contradicts the definition of D. Therefore, eq 2 is
universally adopted to determine the fractal dimension based
on N, adsorption isotherms.

3.2. Fractal Dimensions from NMR. The T, spectrum
required from NMR experiments exhibits the pore structure
characteristics and can be utilized to establish pseudocapillary
pressure curves.”' Combining NMR fractal geometry theory
and T, spectrum curves, the formula containing the fractal
dimension is expressed as

V= (/)" ()
taking the logarithm of both sides, eq 4 is revised as
1g(V) = (3 = D)IgT, + (D = 3)IgTnys ()

where T, is the transverse relaxation time, ms; T, is the
maximum of transverse relaxation time, ms; V refers to the
cumulative volume fraction to the total pore volume when the
transverse relaxation time is less than T,, %; D is the NMR
fractal dimension. When shale pores possess fractal properties
and a self-similar structure, Ig(V) and 1g(T,) are correlated in a
linear relationship and the fractal dimension can be obtained
from the slope.

4. RESULTS
4.1. Geochemistry and Mineralogical Composition.
The geochemical parameters and mineral composition are

https://doi.org/10.1021/acsomega.4c05993
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Figure 4. Electron microscopic images of intergranular and intragranular pores of low-resistivity shale in the Longmaxi Formation of Southern
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and (i) pyrite layer.

displayed in Figure 2. The TOC contents of low-resistivity
shales vary from 1.72 to 6.93 wt %, with an average of 4.1 wt %.
The equivalent vitrinite reflectance (Ro) has a distribution of
3.12—3.27% with a mean of 3.2%, indicating that the target
cores are overmature (Figure 2a). The mineral composition of
the target shales, determined by XRD, is shown in Figure 2b.
From the test results, quartz (averaging 35.3%) and carbonate
mineral (averaging 34.56%) are the primary minerals followed
by clay minerals ranging between 6.6 and 31.2% (average of
20.7%). Small amounts of pyrite (average of 4.2%) and
feldspar (average of 5.2%) are also present. Additionally, the
pyrite content in gas-producing LRS is twice as much as water-
producing LRS.

The clay minerals in low-resistivity shales consist of chlorite,
illite, and an illite/smectite mixed layer (Figure 2c).
Specifically, illite is the most abundant clay mineral and is in

the range 37—80% with a mean of 63% then followed by
chlorite, which varies from 8 to 50% and averages 21%. The
average of the illite/smectite mixed layer is 14%, ranging from
6 to 31%. Kaolinite only exists in several core plugs with an
extremely low content. Incidentally, all shale samples contain
no smectite, so it is inferred that strong sedimentation and high
diagenetic evolution happen on Southern Sichuan shale to
enable smectite to gradually transform into chlorite, illite, and
an illite/smectite mixed layer.*”

By plotting the mineral compositions on a ternary phase
diagram, the lithofacies of LRS in the Longmaxi Formation of
the Southern Sichuan basin mainly develop siliceous/
calcareous mixed shale lithofacies (S/CM), carbonate-rich
siliceous shale lithofacies (CS), and silica-rich calcareous shale
lithofacies (SC) (Figure 2d).

https://doi.org/10.1021/acsomega.4c05993
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Figure 5. Adsorption/desorption curves of water-producing (a) and gas-producing (b) low-resistivity shale from the Longmaxi Formation in the

Southern Sichuan Basin.

Table 1. Pore Structure Parameter Pbtained from LNTA
and LCTA Analysis

N, adsorption CO, adsorption

average BET BET
pore surface BJH surface DFT

sample  diameter area volume area volume

well  number (nm) (m*/g) (cm’/g) (m*/g) (cm®/g)
N222 N1 7.26 13.54 0.0178 8.16 0.0023
N2 7.21 13.86 0.0174 8.20 0.0023

N3 6.76 16.27 0.0186 9.26 0.0027

N4 6.18 15.73 0.0158 10.82 0.0032

NS 6.67 159 0.0189 8.11 0.0022

L1211 LD6 6.81 2121 0.0237 9.70 0.0025
LD7 7.01 19.69 0.0227 9.42 0.0024

Y203 YB7 6.26 21.88 0.0211 10.20 0.0028
Y101 Y6 6.54 23.93 0.0231 11.81 0.0032
Y8 6.72 19.97 0.0187 11.64 0.0032

Y9 6.80 21.66 0.0207 10.00 0.0028

4.2. Pore Types and Morphology. By conducting SEM
and argon-ion polishing techniques, images of low-resistivity
shale samples under different horizons were observed to
determine the geometric distribution, shape, and size of pores.
Based on SEM images and investigation of Loucks et al,>® the
classification of shale pores in the Longmaxi Formation of the
Southern Sichuan Basin qualitatively consists of organic matter
(OM) pores, intergranular (inter) pores, and intragranular
(Intra) pores, while the microfractures are rare.

4.2.1. OM Pores. OM pores refer to pores developed in
organic matter, which mainly form during the pyrolysis and
hydrocarbon generation of kerogen. The pore diameters range
from tens to hundreds of nanometers, with some even reaching
micrometers. As shown in Figure 3, the organic matter in LRS
is generally encapsulated or filled with clay minerals and pyrite
to constitute complexes, distributed in strips and irregular
blocks with distinct outlines. The OM pores exhibit
complicated morphologies and occur within complexes or on
the junction, shaped as narrow slits or ellipses. Almost all
organic matter areas have been developed with such OM
pores. To conclude, the OM pores in low-resistivity shales are
characterized by uneven size distribution, obviously large pore
size, excellent pore connectivity, and connection with some
intergranular pores, tending to generate a sophisticated pore
network in space.
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4.2.2. Intergranular Pores. Intergranular pores occur
between or at the boundaries of mineral particles, involving
brittle mineral intergranular pores and clay mineral interlayer
pores. Among them, the brittle mineral intergranular pores
were present in an irregular polygonal form with relatively
good connectivity, which is significant for shale gas seepage.
The clay mineral interlayer pores are widely distributed in the
shape of long strip, flat, or slit with a large specific surface area
and good connectivity, providing storage space and seepage
channels. It should be noted that in low-resistivity shale, the
mineral grains exhibit distinct outlines and clay minerals are
extensively distributed in layers with well-developed interlayer
pores, occasionally contacting with pyrite (Figure 4b—e).

4.2.3. Intragranular Pores. Intragranular pores are found
within particles and can be categorized into rigid particle
dissolution pores and intercrystalline pores in framboidal pyrite
nodules. Dissolution pores are generated by organic acids
released during thermal evolution and acid fluids invaded
during sedimentary diagenesis, which would dissolve unstable
minerals such as quartz, feldspar, and calcite.”** Generally,
these pores are circular or elliptical in shape with poor
connectivity but tend to be distributed directionally in low-
resistivity shale (Figure 4a,b). With respect to intercrystalline
pores in pyrite nodules, they are mostly formed as a strawberry
monomer or aggregate and appear in circles, grids, clusters, or
irregular polygons. The intercrystalline pores of pyrite in low-
resistivity shale are developed with a large size (Figure 4f—h).
Meanwhile, it is apparent that the pyrites are inclined to be
connected in layers and establish superb connecting networks,
whether they are formed separately or in contact with the clay
water network, effectively improving the conductivity of shale
(Figure 4i).

4.3. The Characteristics of Gas Adsorption Isotherms.
4.3.1. Low-Temperature N, Adsorption Isotherms (LTNA).
The N, adsorption/desorption isotherms of Longmaxi shales
in the Southern Sichuan Basin are displayed in a reversed “S”
shape on the whole. When the relative pressure p/p, < 0.01,
the isotherms are concave upward and partially resemble the
type I curve, which corresponds to the single-layer adsorption
process of nitrogen molecules on the pore surface and indicates
the N, filling micropores. Afterward, as the relative pressure
increases, the adsorption curves of all samples tend to rise,
reflecting the multilayer adsorption process. Ultimately, in the
relatively high-pressure stage, the curves dramatically increase
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Figure 6. Pore size, PV, and SSA distribution of Longmaxi Formation shale in the Southern Sichuan Basin based on N, experiments. (a,b) Pore
diameter varying with pore width, (c,d) pore volume varying with pore width, and (e,f) specific surface area varying with pore width.

again but display no plateau when the relative pressure
approaches 1.0, indicating an unsaturated adsorption capacity
and infinite adsorption layer numbers (Figure S).

Based on the adsorption—desorption curves and hysteresis
loops, the pore structure of Longmaxi shales in the Southern
Sichuan Basin are analyzed. The physisorption isotherms in
low-resistivity shales pertain to a mixed type, combining the
characteristics of 1(a), II, and IV(a). Specifically, at extremely
low relative pressures (P/P, < 0.01), the adsorption capacity is
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minimal and increases slightly, which coincides well with the
characteristics of the 1(a) type and reflects narrow micropores.
Then, in the medium-pressure stage, the adsorption capacity
rises rapidly with increasing p/p,, and there exists a distinct
turning point. As the equilibrium pressure approaches the
saturated vapor pressure, the saturated adsorption phenomen-
on did not appear, and the hysteresis loops are formed between
adsorption and desorption curves due to capillary condensa-
tion, corresponding to the features of II and IV(a). Micropores
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in gas-producing LRS are wider than water-producing LRS. In
addition, the hysteresis loops closely resemble type H,,
indicating that the pores are primarily shaped as a parallel
plate slit or a unilateral narrow slit with one end closed (Figure
S).

Table 1 lists the BET specific surface area (SSA), BJH total
pore volume (TPV), and average pore diameter (APD)
obtained from LTNA.**"** In water-producing low-resistivity
shales (N222), the APD varies from 6.18 to 7.26 nm and
averages 6.82 nm; the BJH TPV is in the range of 0.0158—
0.0189 cm®/g with a mean of 0.0177 cm?/g; the BET specific
surface area (SSA) averages 15.06 m*/g with a range of 13.54—
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16.27 m*/g. In the gas-producing low-resistivity shales (L211,
Y203, and Y101), the APD averages 6.71 nm, and the BJH
TPV values have a distribution of 0.0187—0.0237 cm®/g
(average of 0.0217 cm?/g), while the average BET SSA is 21.39
mz/g (ranging from 19.69 to 24.72 mz/g). Hence, the gas-
producing LRS has a higher SSA and TPV than the water-
producing LRS, which is conducive to gas storage.

The pore size distribution (PSD) curves, reflecting the
varying law of APD, PV, and SSA with pore size, are displayed
in Figure 6. Based on dV/d(log w) curves, the pore volume of
low-resistivity shales is predominantly contributed by pores
ranging from 2.2 to 3.3 nm, and the curves exhibit a unimodal
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morphology. The major peak in low-resistivity shales occurs

around 2.1—4 nm with a peak value of 2.1 nm.

Figure 10. Whole-aperture pore volume distribution of water-producing LRS and gas-producing LRS in the Longmaxi Formation of the Southern
43714

Sichuan Basin.

pattern. By coincidence, the distribution curves of the SSA and
APD are basically uniform with the same unimodal
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4.3.2. Low-Temperature CO, Adsorption Isotherms
(LTCA). LTNA is a practical tool for characterizing the pore
structure in shale, but it cannot cover the entire scope of
micropores. Due to the small size and sufficient thermal energy
of CO, molecules, LTCA can effectively measure micropores
in range of 0.35—2 nm, which is applicable to the micropore
study. LTCA shares a similar principle with LTNA, but the
experimental conditions and PSD calculation models are
different, where density functional theory (DFT) is adopted to
determine the TPV and SSA.

As shown in Figure 7, the CO, adsorption curves are convex
slightly during the low-pressure stage, corresponding to type I
isotherms. Specifically, the isotherms of low-resistivity shale
samples from the Longmaxi formation are displayed as the I(b)
type, indicating a relative wider micropore size. When the P/P,
approaches 0.03, the maximum adsorption capacities of N222
and gas-producing samples are in the ranges of 1.51—2.06 and
1.91—4.82 cm®/ g, averaging 1.68 and 2.37 cm®/g, respectively.
As shown in Table 1, the TPV of water-producing (N222) and
gas-producing (Y101, YB203 and L211) low-resistivity shales
averages 0.0025 and 0.0030 cm?/g, together with the SSA
equivalent to 8.998 and 10.46 m?/g, respectively. These results
are in accordance with those obtained from LTNA.

With regard to the PSD, the TPV and SSA in LRS of
Longmaxi Formation in the Southern Sichuan Basin exhibit an
identical bimodal trend, which are dominantly contributed by
micropores in ranges of 0.47—0.66 and 0.78—0.9 nm (Figure
8).

4.4, NMR T, Spectrum Distributions. The characteristics
of the shale pore structure can also be obtained by detecting
the NMR signals of fully saturated core plugs. Previous studies
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have demonstrated that residual signals after drying cores are
still existing, which are regarded as a base signal to reflect the
semisolid substances containing hydrogen and partial bound
water in shale.””* In other words, the NMR data of fully
saturated samples comprise signals of the pore fluid and the
rock matrix itself. Thus, it is essential to deduct the base signal
to better reflect the spatial structure of the pores in shale.

As shown in Figure 9, the T, spectra of selected low-
resistivity shale cores were analyzed, expecting to discover their
similarities and differences: (1) According to an analysis of
curve shapes, the NMR T, spectra of four shales from L211
can be divided into three types: unimodal, bimodal, and
trimodal T, spectra. Among them, LD6 and LD8 present a
trimodal shape, and the dominant peak is distributed in 0.3—
26.8 ms with peak values at 2.4—4.6 ms. The left two peaks are
joined to indicate a connection between small and medium
pores. The pore size of LD8 is slightly smaller than that of
LD6. LD7 shows a continuous bimodal distribution, where the
main peak on the right ranges from 0.4 to 26.8 ms. The
unimodal T, spectrum in core LD9 has an isolated peak with a
short relaxation time between 0.1 and 21.5 ms. (2) Samples
from well N222 show unimodal and bimodal spectra
(separated and continuous). Continuous bimodal distribution
(N1 and N2) has a large peak with relaxation time from 0.01 to
13.9 ms. NS shows a separated bimodal type, and the
dominant and secondary peak values are 1.55 and 155.05 ms,
respectively. N4 exhibits a unimodal spectrum with a peak
value at 2.4 ms. (3) T, spectra of shale cores in well Y101 are
displayed as a separated bimodal type, and the amplitude of the
left peak is remarkably larger than the right peak. The left peak
of Y8 and Y9 shows an inconspicuous continuous bimodal
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Figure 12. Whole-aperture specific surface area distribution of water-producing LRS (N222) and gas-producing LRS in the Longmaxi Formation of

the Southern Sichuan Basin.

trend with peak values at 0.27 and 4.64 ms and 0.64 and 4.64
ms, respectively. The left peak of Y1 lies between 0.01 and 5.78
ms, peaking at 1.6 ms, while the right peak for Y1, Y8, and Y9
occurs at 100.3, 155.05, and 124.52 ms. (4) In Y203 samples,
the T, spectrum belongs to an obvious unimodal type, and the
relaxation time is distributed in the range of 0.01—4 ms with
peak values equal to 0.64 ms. It suggests that only small pores
are developed instead of large pores and microfractures. To
summarize, the NMR curves of LRS are shaped diversely with
unimodal, bimodal, and trimodal patterns, indicating a
complicated pore structure. The pores in low-resistivity shale
are distributed in a wide range with relatively good
connectivity, covering a full scale of micropores, mesopores,
and macropores.

5. DISCUSSION

5.1. Micronanopore Characteristics. 5.1.1. Whole-Aper-
ture Distribution Based on the Gas Adsorption Method. The
full-scale pore size distribution can be quantitatively charac-
terized by gas adsorption experiments, where micropores and
mesopores are determined by CO, and N, adsorption,
respectively. Then, the pore volume and specific surface area
of micropores and mesopores are subtracted from the total PV
and SSA by N, adsorption experiments to acquire the
macropore values.”' According to the pore volume distribution
plot and its proportion histogram (Figures 10 and 11), the
average total pore volumes of N222 and gas-producing shale
with low resistivity are 0.01768 and 0.02168 cm’/g,
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respectively, where the gas-producing LRS has a larger pore
volume primarily influenced by mesopores. Mesopores account
for about 78% of the pore volume in shale samples and are
mainly contributed by pores in sizes of 2—4, 10—30, and 40—
S0 nm. It is further noted that in low-resistivity shale,
mesopores located in 2—4 nm are more contributable. Then,
micropores are followed by 15% approximately, with a
dominant pore size of 0.5—0.6 nm. In addition, macropores
in the size of 100—200 nm also contribute to the pore volume
of LRS.

As shown in Figure 11c,d, the average SSA of N222 and gas-
producing LRS are 18.55 and 22.68 m’/g, respectively,
indicating that LRS has a larger SSA dominated by micropores
and mesopores. The mesopores in low-resistivity shale are

dominant in the SSA, accounting for 53% of the total, and
micropores follow at 47%. Macropores have no contribution to
the SSA in LRS. Additionally, the SSA of micropores and
mesopores are mainly contributed by pores in sizes of 0.5—-0.6
and 2—4 nm with similar proportions, suggesting that small
pores are more significant to the SSA than TPV (Figure 12).

5.1.2. Whole-Aperture Distribution Based on NMR. Pore
structure analysis is fundamental to the research on micro-
scopic characteristics of shale reservoirs, in which the full-scale
pore size distribution can be portrayed by the NMR method
alone.”” Tt is believed in shale cores that pore size is
proportional to the transverse relaxation time.”> A long
relaxation time refers to large pores, while a short relaxation
time corresponds to small pores. The correlation between the
pore size and relaxation signals is expressed as follows:

D =CTL =Fsyp, T, (6)

Among them, it is generally recommended by many scholars
that the surface relaxation rate p and the sha?e factor F; are
assigned to be 50 nm/ms and 2, respectively.*'~** Combining
this result and our previously published nitrogen adsorption
data, the saturated T, spectrum of Longmaxi shale in the
Southern Sichuan region is transformed into the pore size
distribution®®*"** (Figure 15).

The pore size distribution of shale samples in the study area
can be characterized by analyzing the number, shape, position,
and area of NMR peaks.*”™* Based on the SEM images and
NMR results, the pore system of low-resistivity shale is detailed
in the following context: (1) In low-resistivity shale, NMR
curves exhibit unimodal, bimodal, and trimodal shapes,
indicating a complex pore structure with a wide pore size
development. (2) The dominant right peak in the bimodal
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Figure 14. Fractal dimensions obtained from N, adsorption curves (first row) and the NMR T, spectrum (second row).
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Table 2. Fractal Dimensions D1 and D2 from N, Adsorption

sample fitting equation R? D1 fitting equation R? D2
N1 —0.3808x + 1.5237 0.9955 2.62 —0.1908x + 1.616 0.9799 2.81
N2 —0.3639x + 1.5444 0.996 2.64 —0.1987x + 1.6095 0.9949 2.80
N3 —0.3579x + 1.7035 0.995 2.64 —0.1846x + 1.7752 0.9922 2.82
N4 —0.3574x + 1.6683 0.9906 2.64 —0.1489«x + 1.7624 0.9793 2.85
NS —0.3705x + 1.683 0.9977 2.63 —0.171x + 1.7838 0.9814 2.83
LD6 —0.3444x + 1.9697 0.9967 2.66 —0.1707x + 2.0436 0.9906 2.83
LD7 —0.3467x + 1.8949 0.9964 2.65 —0.1889x + 1.9492 0.9963 2.81
YB7 —0.3347x + 1.9951 0.994 2.67 —0.1459x + 2.0765 0.9776 2.85
Y6 —0.3234x + 2.0839 0.9918 2.68 —0.1658x + 2.1336 0.9954 2.83
Y8 —0.3145x + 1.8992 0.9868 2.69 —0.1523x + 1.9506 0.993 2.85
Y9 —0.3173x + 1.9799 0.9868 2.68 —0.1511x + 2.0388 0.9884 2.85
Table 3. Fractal Dimension Db and Dm from NMR
sample fitting equation R? Db fitting equation R? Dm
N1 y =09128x + 1.638 0.751 2.087 y = 0.0042x + 1.9861 0.4659 2.996
N2 y = 0.9418x + 1.6678 0.7606 2.058 y = 0.0034x + 1.9888 0.4433 2.997
N4 y =0.996x + 1.6923 0.7764 2.004 y = 0.0058x + 1.9811 0.5584 2.994
NS y = 1.0323x + 1.7593 0.793 1.968 y = 0.0029x + 1.9904 0.7888 2.997
Y1 y = 0.9454x + 1.6138 0.7516 2.055 y = 0.0034x + 1.9889 0.786 2.997
Y7 y = 1.5886x + 1.9639 0.8537 1411 y = 0.0242x + 1.9288 0.4772 2.976
Y8 y=11627x + 1.2261 0.8156 1.837 y = 0.0106x + 1.9657 0.6496 2.989
Y9 y = 1.1768x + 1.3258 0.7877 1.823 y = 0.007x + 1.9776 0.5689 2.993
YB7 y = 1.2124x + 2.2832 0.7673 1.788 y = 0.0085x + 1.9748 0.6463 2.992
LD6 y = 0.9077x + 1.4418 0.7823 2.092 y = 0.0051x + 1.9835 0.6453 2.995
LD7 y = 0.9284x + 1.5834 0.7768 2.072 y = 0.0021x + 1.9935 0.3587 2.998
LD8 y = 1.057x + 1.6695 0.8098 1.943 y = 0.0028x + 1.9915 0471 2.997
LD9 y = 0.9506x + 1.6147 0.7807 2.049 y = 0.0026x + 1.992 0.4691 2.997

type and the middle peak in the trimodal type are distinctively
developed with pores distributed between 6.4 and 46.4 nm.
Most shale samples exhibit obvious protrusions at apertures of
approximately 1 nm (0.7—3.3 nm), while only a few rock cores
show slight fluctuations at pores above 1000 nm, indicating the
presence of micropores and rare microfractures. The pore size
distribution in the LRS covers micropores, mesopores, and
macropores, which is consistent with gas adsorption results. It
is also reported that the micropores are inferred to be OM-
related.’® In SEM images of Section 4.2, the OM pores are
well-developed, with rare microfractures. Hence, the NMR
results are in accordance with SEM data. (3) In low-resistivity
shales, the curve peaks are linked to reflect an awesome
connectivity between pores, which also corroborates the SEM
images. (4) The width of NMR peaks can reflect the sorting
property of pores. Looking at Figure 13, it seems that the peak
widths of low-resistivity shales are relatively narrow, indicating
better pore sorting.

In summary, the results obtained from NMR, gas adsorption
experiments, and SEM are consistent on the whole. However,
when compared with gas adsorption experiments, the pore size
distribution characterized by NMR tends to be larger. This is
because the drying temperature is diverse in different
experimental institutions and the water molecules have
difficulty entering the small pores of dense shale, leading to
the signal ignorance of small pores during the process of
removing base signals. Likewise, gas is more accessible to
single-layer adsorption on a small pore surface than liquid.
Therefore, NMR is more effective in characterizing larger
pores.
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5.2. Fractal Dimensions from LTNA and NMR.
According to the LTNA data and FHH model, the isotherm
can be divided into two segments to calculate the fractal
dimension, indicating different adsorption behaviors. Specifi-
cally, when P/P, ranges from 0 to 0.45, the adsorption occurs
in a monolayer and is mainly dominated by van der Waals
forces. The calculated D1 reflects the irregularity and
heterogeneity of the pore surface area. During a relative
high-pressure stage (0.45—1.0), D2 is calculated to characterize
the complexity and connectivity of the pore structure, where
multilayer adsorption appears with capillary condensa-
tion."”*37%% As shown in Figure 14, the coeflicients of all
linear fitting lines are high (R* > 0.99). D1 varies from 2.619 to
2.686 with an average of 2.638, while D2 ranges from 2.854 to
2.863, averaging 2.830 (Table 2). These fractal dimensions fall
within the range of 2—3, demonstrating that both the pore
structure and surface possess fractal features. Additionally, it is
generally believed that the D value approaching 3 signifies a
more complicated situation and stronger heterogeneity.* In all
shale samples, the fact that D2 is larger than D1 shows that the
pore structure is more complex than the pore surface. The pore
surface fractal dimension (D1) and pore structure fractal
dimension (D2) of gas-producing LRS are both higher than
those of water-producing LRS (N222), indicating that the pore
structure is more complicated and the pore surface is more
irregular and coarser.

Fractal fitting curves (Ig V vslg T,) based on NMR data are
obtained using eq S, from which the NMR fractal dimensions
are calculated. As shown in Figure 14, the curves can be
divided into two different segments by the T, cutoff (T,.) after
centrifugation. Among them, the fractal dimension of the linear
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Figure 15. Comparison of pore structure parameters and fractal dimensions (D1 and D2). (a) Correlation between pore structure parameters,
(b,c) DI vs SSA and PV, (d,e) D2 vs SSA and PV, (f) correlation between fractal dimension and APD, and (g) D1 vs D2.

part with a T, value less than T,  is defined as Db, which
mainly reflects the fractal features of the pore structure in the
bound fluid. The fractal dimension from the linear part where
T, > T, is defined as Dm, which pertains to movable water.
Based on this fractal theory, Db in the target area is distributed
in the range of 1.411—2.092 with an average of 1.938. Dm are
mostly larger than 2.99 (in the range of 2.976—2.998) and
approach 3, which suggests that larger pores possess a more
complex pore structure (Table 3). The pore structure of the
seepage space is significantly more complex than that of the
adsorption space. Furthermore, both Db and Dm in gas-
producing LRS are not as much as the water-producing LRS,
showing that the pore structures for bound water and movable
water are less complicated in gas-producing LRS. However, as
the fractal dimension is generally between 2 and 3, the Db,
representing small pores, is mostly less than 2 to exceed the
available range, while the Dm for larger pores close to 3 fails to
effectively characterize the variation in pore complexity.
Accordingly, inferior to the N, adsorption method, the NMR
method is not recommended to be selected to evaluate the
fractal characteristics of shale pores.

5.3. Pore Structure Parameters and Fractal Dimen-
sions. In this section, the pore structure parameters and fractal
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dimensions of LRS are analyzed to investigate the fractal
features of pores in full-scale. In water-containing low-
resistivity shale, APD is negatively related with the SSA, with
a coefficient as high as 0.9, indicating that smaller pores are the
main contributors to the SSA. However, perhaps due to the
higher D1 value, this negative relationship in gas-producing
LRS is extremely weak (R* = 0.28), indicating that the pore
size only slightly reflects the SSA.

As shown in Figure 15, D1 is positively correlated with the
micropore SSA, total pore SSA, and micropore PV in LRS with
relatively high coefficients (Figure 15b,c). When D1 is larger,
the SSA and PV of micropores in LRS are more developed,
which is beneficial for gas adsorption and storage. The
development of micropores makes the pore surface more
irregular and coarser. D2 shows a weak positive correlation
with the micropore SSA, total pore SSA, and micropore PV,
but a weak negative correlation with macropore PV (R < 0.5).
This suggests that small pores enhance the complexity and
heterogeneity of the pore structure, while macropores have the
opposite effect (Figure 17d,e). Additionally, the negative
relationship between APD and D2 (R® = 0.62) supports the
conclusion that smaller pores possess a more complex pore
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Figure 16. Relationship between the pore volume and TOC and mineral composition. (a) PV vs TOC, (b) PV vs quartz, (c) PV vs plagioclase, (d)
PV vs calcite, (e) PV vs pyrite, (f) PV vs clay mineral, (g) PV vs chlorite, (h) PV vs illite, and (i) PV vs I/S.

structure (Figure 17f). D2 and D1 are weakly negatively
correlated with a coeflicient of 0.42.

5.4. Effects of Composition on Pore Structure and
Fractal Dimensions. The pore volume and surface area of
low-resistivity shales were plotted against the mineral
composition and TOC in Figures 16 and 17. As shown in
Figures 16a and 17a, the TOC is only weakly positively
correlated with the SSA and PV of micropores, exhibiting a
slight growth trend. This suggests that TOC contributes to the
development of micropores to some extent. During thermal
evolution, acid fluids are released from organic matter to
generate significant quantities of nanopores, which coincides
with the developed OM pores in SEM images. TOC can
enhance the potential for gas production and storage by
affecting the pore structure, while the pore structure
parameters are not affected by Ro.

Apart from the TOC content, the pore structure is also
related to the content of mineral composition, which mainly
consists of quartz, carbonate, and clay minerals. As shown in
Figures 16 and 17, quartz is negatively correlated with the PV
of mesopores, macropores, and total pores with relatively high
coefficients (0.58, 0.83, and 0.71). It is also weakly negatively
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correlated with the mesopore SSA (R* = 0.38), indicating that
quartz hinders the development of large pores. During
diagenesis, quartz grains gradually grow to partially block
some pore space, leading to the decrease in pores.*”’
Plagioclase shows a weak positive correlation with the PV
and SSA of the mesopores and total pores. Calcite is weakly
negatively related to the PV and SSA of micropores, and
dolomite shows no significant relationship with pore structure
parameters, which means a negligible contribution to the pore
structure. Therefore, brittle minerals can inhibit pore develop-
ment in LRS, where quartz plays a more important role.

In view of clay minerals, positive correlations are observed
between the clay content and mesopore PV (R* = 0.63), total
pore PV (R* = 0.67), and total pore SSA (R* = 0.21), which is
favored by previous studies as well.'"*” The clay content in
low-resistivity shale is generally below 45%, as such pores in
clay can be protected by stronger molecular forces to resist
overburden pressures, triggering to weak compaction effects.'”
Although the pyrite content is low, it shows positive
correlations with the PV and SSA of mesopores (R* = 0.83
and 0.76) and total pores (R* = 0.87 and 0.44). This suggests
that layered pyrite, as seen in SEM images, can protect its
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Figure 18. Correlation between fractal dimension D2 and chlorite in
LRS.

intercrystalline pores and clay interlayer pores from compac-
tion and diagenesis.

43721

Illite, chlorite, and I/S are the most abundant clay minerals
in low-resistivity shale. Illite is negatively correlated with the
mesopore PV (R* = 0.84), macropore PV (R*> = 0.87), total
pore PV (R* = 0.61), and mesopore SSA (R* = 0.65),
indicating that illite inhibits the development of large pores.
This is due to the fact that illite is the final product of smectite
dehydration conversion, where the original large pores are
compacted by high overburden pressure and filled by illite.”” 1/
S is positively correlated to the PV and SSA of mesopores and
total pores. Specifically, I/S is an intermediate mineral formed
during the transformation from smectite to illite. In this
process, the interlayer water of smectite flows out into shale
pores as free water continuously. If the water is not expelled in
time, then the formation pore pressure will be abnormally high,
resistin§ the compaction effect and preserving the original
pores.”

In low-resistivity shale, there is no obvious correlation
between the fractal dimension and mineral composition or
TOC, except for chlorite (Figure 18). Chlorite is weakly
positively correlated with the large pore PV and negatively
correlated with the micropore SSA, though the varying trend is
slight. As the chlorite content increases, D2 decreases,
indicating a less complex pore structure and better
connectivity. It is reasonable that the developed large pore
volumes and decreased micropore surface area lead to a more
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regular pore structure. During burial diagenesis, various
minerals, including smectite, illite, and kaolinite, may undergo
chloritization.’”** Some scholars proposed that grain-coating
chlorite in sandstone reservoirs inhibits quartz cementa-
tion.”’ 7 Chlorite prevents nucleation of authigenic quartz
by separating pore water from the quartz surface, which
restrains the growth of authigenic quartz in place where
chlorite cementation occurs. Likewise, it can be predicated
from the negative correlation that there exist some mesopores
or macropores in chlorite to increase pore space, leading to a
decreasing D2 with increasing chlorite. Hence, increasing the
chlorite content enhances the PV of large pores and the SSA of
micropores, improving the irregularity and heterogeneity of
LRS.

6. CONCLUSIONS

(1) The qualitative images obtained from SEM suggest that
LRS is characterized by developed OM pores, clay
mineral interlayer pores, and intercrystalline pyrite pores
with large size and better connectivity. The clay mineral
and pyrite in LRS are widely distributed in layers and
mutually contacted. Hence, the layered mineral dis-
tribution and connective large pores can build a complex
and superior conductive network in low-resistivity shale.

(2) Based on the gas adsorption experiment, the gas-
producing LRS has larger PV and SSA than water-
producing LRS. The pore volume is primarily con-
tributed by mesopores, and the major peaks are in sizes
of 2—4, 10—30, and 40—50 nm, where 2—4 nm
contributes the most. The specific surface area of LRS
is mainly controlled by mesopores of 2—4 nm size and
micropores of 0.5—0.7 nm. The pore structure
characterized through NMR, gas adsorption experi-
ments, and SEM is consistent overall, although NMR is
more effective for characterizing larger pores than gas
adsorption.

(3) Fractal dimension analysis from gas adsorption data
shows that gas-producing LRS has a more irregular pore
surface and a more complicated pore structure than
water-producing LRS. D2 is generally larger than D1 and
has a weakly negative relationship. The NMR method is
unsuitable for evaluating the fractal characteristics of
shale pores. Additionally, the development of micro-
pores corresponds to higher D1 and D2, indicating that
the pore surface and structure are more irregular and
complicated.

(4) TOC contributes to micropore development to some
extent. Quartz and illite are negatively correlated with
the PV and SSA of mesopores and total pores, while
pyrite, clay mineral, and I/S are converse with a positive
relationship. In addition, chlorite is weakly positively
correlated with the PV of large pores and negatively
correlated with the micropore SSA in a slightly varying
trend. As the chlorite content increases, D2 decreases,
indicating a less complex pore structure and better
connectivity.
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